Abstract We investigated the difference in cell-killing effect and mutation induction between carbon-and neon-ion beams in normal human cells. Carbon-and neon-ion beams were accelerated by the Riken Ring Cyclotron (RRC) at the Institute of Physical and Chemical Research in Japan. Cell-killing effect was measured as the reproductive cell death using the colony formation assay. Mutation induction at the HPRT locus was detected to measure 6-thioguanine-resistant clones. The mutation spectrum of the deletion pattern of exons of induced mutants was analyzed using the multiplex polymerase chain reaction (PCR). Cell-killing effect was almost the same between carbon-and neon-ion beams with similar linear energy transfer (LET) values, while there observed a large difference in mutation frequency. Furthermore, in the case of neon-ion beams 60% of mutants showed total deletions and 35-40% showed partial deletions, while 95-100% of carbon-ion induced mutants showed total deletions. The results suggest that different ion species may cause qualitative and quantitative difference in mutation induction even if the LET values are similar.
Qualitative and quantitative difference in mutation induction between carbonand neon-ion beams in normal human cells

Introduction
It is well accepted that high-LET radiations, such as heavy ions, are more effective than low-LET radiations for causing many kinds of biological effects. Limited studies are available for explaining the LET dependence of biological effects reported by using various ion sources with different LET values. Skarsgard et al. (1967) summarized results concerning the LET dependence of the survival of colony-forming ability and chromosome damage irradiated with He, Li, B, C, O, Ne and Ar ions. The results showed that the LET-RBE curves had a mono peak around 100keV/µm. Similar LET dependence in biological effects were studied using various kinds of ion sources (Cox et al. 1977 , Ritter et al. 1977 , Cox & Masson 1979 , Roots et al. 1979 , Thacker et al. 1979 , Goldstein et al. 1981 , Yang et al. 1985 , Hei et al. 1988 , Belli et al. 1991 , Goodwin & Blakely 1992 , Weber & Flentje 1993 , Goodwin et al. 1994 , Suzuki et al. 1996 .
On the contrary, Kraft (1987) showed that the peak position for the most effective inactivation of bacteria, yeast and mammalian cells shifted to higher LET regions when using heavier ion sources. A similar phenomenon has been summarized concerning the induction of DNA doublestrand breaks and chromatin breaks by Lett (1992) , and reported concerning the RBE-LET curve for cell killing and chromatin damage (Belli et al. 1989 , Folkard et al. 1996 , Suzuki et.al. 1997 ). These results suggest that different ion species with different structures of energy deposition may cause different biological effects even if the LET values are in the same range.
In this study, we examined the LET dependence of cellkilling effect and mutation induction in normal human cells irradiated with either carbon-or neon-ion in order to clarify the qualitative and quantitative difference in cellular and molecular effects of different ion species with similar LET values.
Materials and methods
Cell culture
Human embryonic fibroblast-like cells (HE20 cells) were used in this study (Watanabe et al. 1992 , Suzuki et al. 1997 . The cells were cultured in Eagle's minimum essential medium (MEM), supplemented with 0.2mM serine, 0.2mM aspartate, 1mM pyruvate and 10% fetal bovine serum (McCormick et al. 1986 ) in a 5% CO 2 incubator at 37˚C. The plating efficiency of HE20 cells for a colony formation on a plastic dish (Falcon 3003) was over 75% at passage 5. Irradiation HE20 cells in the 25cm 2 plastic flasks were irradiated with either carbon-or neon-ion beams accelerated by the Riken Ring Cyclotron (RRC) at the Institute of Physical and Chemical Research in Japan. Details regarding beam characteristics and biological irradiation procedures have been described elsewhere (Kanai et al. 1993a , Kanai et al. 1993b ). Briefly, the particle fluence of ion beams was measured using a plastic scintillator. The relative depthdose distribution was measured using a parallel-plate ionization chamber by changing the thickness of the absorbers of the range shifter, and the energy of ion beams was estimated from the depth-dose distribution. The irradiation dose at the sample position was determined by multiplying the fluence by the LET value, taking fragmentation into consideration. We also monitored and controlled the irradiation dose using a parallel-plate ionization chamber during irradiation. The injected energy of both carbon-and neon-ion beams was 135 MeV/n. We estimated dose averaged LET values at the sample position to be 68 and 120 keV/µm for carbon-ion beams and 63 and 118 keV/µm for neon-ion beams. The dose rate was about 2 Gy/min for all ion-beam irradiations. For a comparison, we studied the same biological effects achieved by 137 Cs gamma rays at a dose rate of 1.2 Gy/ min. All irradiation was carried out at room temperature.
Cell survival assay
After irradiation, different numbers of HE20 cells were immediately plated onto 100mm plastic dishes (Falcon3003) in order to make 60 to 70 colonies per dish for cell-survival assays. Colonies were fixed and stained with a 5% Giemsa solution after a 14-day incubation period. Any colony consisting of more than 50 cells was scored as a surviving colony.
Mutation assay
Hypoxanthine-guanine phosphoribosyltransferase (HPRT, EC 2.4.2.8) is a cytoplasmic enzyme to catalyse the purine salvage pathway transferring of hypoxanthine and guanine to form inosine monophosphate (IMP) and guanosine monophosphate (GMP), respectively. The locus of the gene, which is X-linked, hemizygous and nonessential, has been used for a mutation assay because it is relatively easy to detect in the presence of the purine analog 6-thioguanine(6-TG). The method of the mutation assay has been described elsewhere (Watanabe & Horikawa 1980) . Briefly, sufficient numbers of cells were irradiated to ensure about 1x10 6 cells survived each radiation dose. After the irradiation, cells were cultured in 75cm 2 plastic flasks (Falcon3084) at a density of 1.5 to 2.0 × 10 6 cells per T75 flask and a subculture was carried out until the population doubling number reached 6 to 8 after irradiation in order to allow expression of the mutation. At the end of the expression period, 1 × 10 6 cells were plated onto 20 dishes (Falcon3003) containing MEM supplemented with 40µM 6TG. The mutation frequency was determined as the number of 6TG-resistant colonies per 10 6 survivors. A mutant colony was randomly isolated from each dish using a micropipette tip containing a small volume of complete medium. The isolated 6TG-resistant clones were cultured, then stored in liquid N 2 for molecular analysis.
DNA preparation of induced mutant and the multiplex PCR
The multiplex PCR was carried out using the 7 primer sets according to Shimahara et al. (1995) . Briefly, the induced mutant cells were placed in a microfuge tube and 100µl of DNA lysis buffer (50mM KCl, 10mM Tris HCl and 2.5mM MgCl 2 , pH8.3), 1µl of 10mg/ml proteinase K and 0.5% Tween20 were added. After mixing, the tube was heated at 56˚C for 45min and at 95˚C for 10min. Five microliters of this DNA solution was used in the multiplex PCR. DNA was mixed with 7 primer pairs in a total volume of 50µl of 67mM Tris HCl pH8.8, 6.7mM MgCl 2 , 16.6mM (NH 4 ) 2 SO 4 , 6.8µM EDTA, 5mM β-mercaptethanol and 0.5mM of each deoxyribonucleotide triphosphate. The mixture was heated at 95˚C for 5min to denature the DNA, which was then annealed at 60˚C for 15min. Two units of Taq DNA polymerase (Promega Corporation) and 30µl of mineral oil were added. After preheating at 60˚C for 15min, the PCR was performed for 30 cycles at 94˚C for 30sec/ 60˚C for 48sec/ 70˚C for 2min, followed by a final extension at 70˚C for 7min, using a thermal cycler (PerkinElmer). The PCR products were analyzed by 4% agarose gel electrophoresis in TBE buffer (89mM Tris HCl, 89mM boric acid, and 2mM EDTA, pH 8.0) at 8.3V/cm for 1hr at room temperature. The gel was stained with ethidium bromide (1µg/ml) for 1hr.
Results
Figure 1 shows dose-response curves for cell-killing effect in HE20 cells irradiated with 137 Cs gamma rays, carbon-and neon-ion beams. The cell-killing effect of both carbon-and neon-ion beams were more effective than that of 137 Cs gamma rays. However, there was observed no difference in cell-survival curves between carbon-and neon-ion beams, when comparing either between 68keV/ µm-carbon ions and 63keV/µm-neon ions or between 120keV/µm-carbon ions and 118keV/µm-neon ions. The RBE values relative to 137 Cs gamma rays at the 10% survival level were 2.3 for 68keV/µm-carbon, 4.1 for 120keV/µm-carbon, 2.2 for 63keV/µm-neon and 3.9 for 118keV/µm-neon ions, respectively. Figure 2 shows the dose-response curves for mutation induction in HE20 cells irradiated with 137 Cs gamma rays, carbon-and neon-ion beams. The mutation frequencies for both carbon-and neon-ion beams increased steeply in low dose regions (< around 0.5Gy), compared to 137 Cs gamma rays. Then the curves gradually increased or reached a plateau peak up to 1~2Gy. Remarkably, the curve for 118keV/µm-neon ions leveled off around 1.5Gy. The RBE values relative to 137 Cs gamma rays, calculated at the 100 × 10 -6 mutation frequency level, were 3.6 for 68keV/µm-carbon, 7.3 for 120keV/µm-carbon, 1.4 for 63keV/µm-neon and 4.9 for 118keV/µm-neon ions, respectively.
The deletion spectrum at the HPRT locus obtained for all the 6TG-resistant mutants induced by spontaneously, 137 Cs gamma rays, carbon-and by neon-ion beams was summarized in table 1. The irradiation dose of the induced mutants varied ranging from 0.5 to 3.2Gy for 137 Cs gamma rays and from 0.2 to 1.0Gy for both carbon-and neon-ion beams. There observed no irradiation-dose specific deletion spectrum and LET-dependent specific hotspot in analyzed mutants among 137 Cs gamma rays and heavy ions. The deletion spectrum for spontaneously induced mutants was 60% of partial deletions and 35% of no change. The pattern of total deletions increased in the mutants induced by 137 Cs gamma rays (40%) and there observed 30% of partial deletions and 30% of no change. On the contrary, the pattern of total deletions was dominant for the mutants induced by carbon-and neon-ion beams (60~100%). The deletion spectrum for neon-ion beams was 60% of total deletions and 35~ 40% of partial deletions, while almost all of the mutants induced by carbon-ion beams were total deletions.
Discussion
The LET dependence of various biological effects showed a sharp peak of maximum efficiency in the LET ranging from 100 to 200keV/µm in previous reports in cellular effects concerning cell killing (Skarsgard et al. 1967 , Cox et al. 1977 , Cox & Masson 1979 , Thacker et al. 1979 , Goldstein et al. 1981 , Weber & Flentje 1993 , in vitro cell transformation (Yang et al. 1985 , Hei et al. 1988 ), mutation induction (Cox et al. 1977 , Cox & Masson 1979 , Thacker et al. 1979 , Belli et al. 1991 , Suzuki et al. 1996 . However, recent several reports clearly showed that the peak position for the RBE-LET curves shifted to higher LET regions when using heavier ion sources (Kraft 1987 , Lett 1992 , Belli et al. 1989 , Folkard et al. 1996 , Suzuki et al. 1997 ). These results suggest that different ion species with different structures of energy deposition may cause different biological effects even if the LET values are in the same range. In this study, cell-killing effect was almost the same between carbon-and neon-ion beams with similar LET values. On the other hand, there observed a large difference in mutation frequency between carbon-and neonion beams. For example, the frequency for 120keV/µm-carbon-ion-induced mutation at 1.0Gy was around 10 times higher than that for 118keV/µm-neon-ion-induced mutation. There is circumstantial evidence that the different ion species, such as carbon and neon, lead to quantitatively different mutant frequencies even if the LET values are similar.
Around 30% of spontaneous and gamma-ray-induced mutants showed no change and 5% of spontaneous mutants had total gene deletions, compared to almost 40% of the gamma-ray-induced mutants. On the contrary, there was little amount of no change in the carbon-and neon-ioninduced mutants. Furthermore, in the case of neon-ion beams 60% of mutants showed total deletions and 35-40% showed partial deletions, while 95-100% of carbon-ion induced mutants showed total deletions. The results suggest that different ion species may cause also qualitatively different mutation spectra even if the LET values are similar. This phenomenon is consistent with previous reports (Kronenberg et al. 1995 , Stoll et al.1995 , Zhu et al. 1996 , Schmidt and Kiefer 1998 , Kiefer et al. 1999 . The mechanism of the fine structure for the ion-species dependence of biological effects is still unknown. However, it has been indicated that the Z* 2 / β 2 value (where Z* is the effective charge and β is the relative velocity of the ion to the light) may be more suitable than the LET value to describe the RBE-LET relationship (Katz 1970) . Chatterjee and Schaefer (1976) also suggested that a difference in the track structure of the core and penumbra existed in different kinds of ions with similar LET. In biological studies, Thacker et al. (1979) showed that the differences in the effectiveness of inactivation found in plotting as a function of LET could be reconciled by plotting RBE as a function of Z* 2 / β 2 . These results suggest one possibility that the track structure of energy deposition plays an important role in the biological effects caused by heavy-ion beams and different biological responses are caused by different ion species even if the LET values are similar (Fig.3) . 
